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Abstract 

Mild  oxidation  (bumoff)  has  been  found  to  improve  the  performance  of  NG7  (natural  graphite)  in  Li/LivC6  cells.  The  reversible  capacity 
of  the  graphite  (2r)  increased  (up  to  405  mAh/g  for  the  0-2  V  range  at  4-1 1%  burnoff),  its  irreversible  capacity  f  £>IR)  decreased  with 
bumoff  and  the  degradation  rate  of  the  LitC6  electrode  was  much  lower.  The  increase  in  capacity  at  4-1 1%  burnoff  of  NG7  was  found  to  be 
associated  with  the  formation  of  less  than  1%  void  volume.  On  further  burning  beyond  1 1%  weight  loss,  the  density  decreases  faster,  down 
to  1 .92  g/cm3  at  34%  burnoff.  This  is  associated  with  some  decrease  in  QR.  X-ray  photoelectron  spectrocopy  studies  showed  that  the  surface 
oxygen  content  of  NG7  has  a  broad  minimum  at  4-22%  burnoff.  The  highest  oxygen  peak  shifted  monotomcally  with  bumoff  time,  rising 
from  531 .05  eV  for  pristine  NG7  to  534.0  eV  for  34%  burnoff  sample.  The  X-ray  photoemission  spectra  may  be  assigned  to  hydroxyl  surface 
groups  in  the  case  of  the  pristine  sample  and  to  surface  acid  groups  in  the  case  of  burnt  samples.  From  the  powder  X-ray  diffraction  and  d q! 
dv  results,  it  was  found  that  a  more  ordered  structure  appears  on  cycling.  Performance  improvement  was  attributed  to  the  formation  of  a  solid 
electrolyte  interface  chemically  bonded  to  the  surface  carboxylic  groups  at  the  zigzag  and  armchair  faces,  better  wetting  by  the  electrolyte  and 
to  accommodation  of  extra  lithium  at  the  zigzag,  armchair  and  other  edge  sites  and  nanovoids.  ©  1997  Published  by  Elsevier  Science  S.A. 
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1.  Introduction 

Lithium-ion  batteries,  containing  a  carbonaceous  anode, 
have  excellent  performance,  long  cycle  life,  fast  charge  and 
discharge  rates  and  high  energy  density.  In  order  to  increase 
their  energy  density,  carbons  with  high  reversible  capacity 
(Sr)  and  low  irreversible  capacity  (<2IR),  are  being 
developed. 

Qr  depends  on  the  carbon  electrode  properties,  tempera¬ 
ture,  current  density,  and  type  of  electrolyte.  Qir  has  been 
attributed  to  solid  electrolyte  interphase  (SEI)  formation, 
graphite  exfoliation  and  other  side  reactions  [  1,2]  .The  devel¬ 
opment  of  high  capacity  carbons  has  been  recently  reviewed 
f  3-6] .  Explanation  for  the  extra  capacity  over  the  theoretical 
value  of  372  mAh/g  can  be  found  in  Refs.  [6,7] . 

We  recently  found  [7,8]  that  mild  oxidation  (bumoff)  of 
two  synthetic  graphites  improves  their  performance  in  Li/ 
Li  A  cells.  The  reversible  capacity  of  the  graphite  (<2r) 
increased,  its  irreversible  capacity  (QIR)  generally  decreased 


(for  less  than  6%  bumoff)  and  the  degradation  rate  of  the 
LivC6  electrode  (in  three  different  electrolytes)  was  much 
lower  than  the  pristine  graphite.  Scanning  tunneling  micros¬ 
copy  ( STM )  images  of  these  modified  graphites  show  nano¬ 
channels  with  openings  of  a  few  nm  and  up  to  tens  of  nm.  It 
is  believed  that  these  nanochannels  are  formed  at  the  zigzag 
and  armchair  faces  between  two  adjacent  crystallites  and  in 
the  vicinity  of  defects  and  impurities.  The  improvement  of 
the  performance  was  attributed  to  the  formation  of  SEI  chem¬ 
ically  bonded  to  the  surface  carboxylic  groups  at  the  zigzag 
and  armchair  faces,  better  wetting  by  the  electrolyte  and  to 
the  accommodation  of  extra  lithium  at  the  zigzag,  armchair 
and  other  edge  sites  and  nanovoids.  Mild  bumoff  of  highly 
oriented  pyrolytic  graphite  (HOPG)  samples  clearly  shows 
[9]  that  the  oxidation  rate  is  faster  at  the  zigzag  and  armchair 
planes  than  at  the  basal  plane.  This  graphite  modification, 
following  mild  bumoff,  was  found  to  make  the  LixC6  elec¬ 
trode  performance  more  reproducible  and  less  sensitive  to 
electrolyte  impurities. 

Recently  it  was  found  that  heat  treatment  at  700  °C  in  the 
presence  of  acetylene  black  improved  the  performance  of  the 
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tive  for  removing  the  surface  hydroxyl  and  water,  and  for 
enlarging  the  surface  area  of  the  fiber.  STM  measurements 
[11]  show  circular  monolayer  pits  in  the  basal  plane  after  a 
600  °C  oxidation  of  single-crystal  graphite. 

The  goal  of  this  work  was  to  characterize  physically  and 
electrochemically  an  oxidized  Kansai  Coke  NG7  natural 
graphite  as  an  improved  anode  for  lithium-ion  batteries. 

The  effect  of  percent  bumoff,  binder  type  and  Shawinigan 
Black  on  the  performance  of  oxidized  NG7  anode  will  be 
published  elsewhere  [  12] . 


2.  Experimental 

The  electrochemical  characterization  of  NG7  (Kansai 
Coke)  in  this  work  was  carried  out  with  the  use  of  Li/Li,C6 
cells.  These  3-5  cm2  cells  consisted  of  a  porous  40-70  jxm 
thick  graphite  electrode  supported  by  a  copper  foil,  a  lithium 
foil  supported  by  a  nickel  Exmet  screen,  a  Celgard  2400 
separator  and  1.2  M  LiAsF6/EC:DEC  ( 1:2)  electrolyte.  The 
graphite  electrodes  were  made  by  the  doctor-blade  technique, 
spreading  paste  which  consisted  of  5%  Teflon  ( in  emulsion) , 
5%  Shawinigan  Black  ( SB)  carbon  and  90%  NG7  powder. 
NG7  powder  was  oxidized  (partially  burnt)  in  air  at  550  °C 
inside  a  common  laboratory  oven  (for  2.6,  4.3,  11,  22,  and 
34%  bumoff) .  Cell-cycling  tests  were  carried  out  on  a  1 6  Bit 
Maccor  2000  Battery  Tester  mostly  over  the  0.8-0.01  V 
range.  More  experimental  details  can  be  found  in  Ref.  [7] . 

Powder  X-ray  diffraction  (PXRD)  tests  were  carried  out 
with  the  use  of  a  Scintag  0:6  powder  diffractometer  with  Cu 
K a  radiation.  The  electronic  structure  of  pristine  and  burnt 
samples  was  analyzed  by  X-ray  photoelectron  spectroscopy 
(XPS).  XPS  measurements  were  carried  out  using  a  5600 
multi-technique  system  (Physical  Electronics,  USA)  with  a 
monochromatic  A1  Ko:  source  ( 1486.6  eV ) .  The  spectra  were 
obtained  at  a  high  resolution  mode  at  a  pass  energy  of  1 1.75 
eV  with  0.05  eV/step  intervals.  The  binding  energies  were 
measured  with  an  accuracy  of  ±0.1  eV  and  referenced  to  the 
Au  4/peak  at  84  ±  0. 1  eV.  No  charging  was  observed  on  the 
investigated  surfaces.  Curve  fitting  was  based  on  the  modified 
Gauss-Newton  non-linear  least-squares  optimization 
procedure. 

Scanning  electron  microscopy  (  SEM )  images  were  taken 
with  the  use  of  a  JEOL,  JSM-3600  microscope. 


3.  Results  and  discussion 

SEM  micrographs  ( Fig.  1 )  show  that  on  burning,  the 
smallest  and  largest  NG7  particles  disappear  leaving  only 
medium-size  particles.  This  may  result  from  preferential 
burning  of  less-ordered  zones  such  as  small  particles  and 
zones  containing  defects  or  impurities.  Electrostatic  charging 
of  oxidized  graphite  samples  is  less  of  a  problem,  and  higher 
resolution  can  be  achieved  compared  with  the  pristine  graph¬ 
ite.  This  indicates  that  oxidation  enhances  the  electronic  con- 
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Ftg  1.  SEM  graphs  of:  (a)  pristine  sample,  and  (b)  34 %  bumoff  sample. 


ductivity  of  the  graphite,  probably  making  it  a  p-type 
semiconductor.  The  adsorption  of  benzene  ( from  the  vapor 
phase  on  the  synthetic  graphite)  at  20  °C  dropped  by  about 
30%  after  28%  bumoff  [13],  indicating  a  decrease  in  surface 
area  of  the  sample.  Pycnometric  measurements,  with  the  use 
of  diethyl  carbonate  ( DEC)  as  the  pycnometer  liquid,  reveal 
(Fig.  2)  two  slopes  in  the  density-%  bumoff  curve.  The 
density  of  pristine  NG7  is  2.19  g/cm3.  There  is  very  little 
change  in  density  ( less  than  1  % )  from  0-1 1  %  bumoff  and  it 
drops  sharply  to  1.92  g/cm3  at  34%  bumoff.  This  indicates 
the  formation  of  closed  pores,  not  accessible  to  the  DEC 
molecule,  with  a  void  volume  of  less  than  1  %  at  1 1  %  bumoff 
and  12.7%  at  34%  bumoff.  DEC  was  chosen  for  this  test 
because  it  is  the  major  component  of  the  electrolyte  in  lith- 
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Fig.  2.  Effect  of  burnoff  on  density. 
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ium-ion  batteries  and  in  our  tests.  Some  of  this  void  volume 
may  accommodate  extra  lithium.  Changes  in  surface  groups 
on  NG7  were  determined  with  the  use  of  XPS.  The  surface 
oxygen  content  changes  with  the  amount  of  bumoff  ( Fig.  3 ) . 
It  is  8%  atomic  concentration  in  the  pristine  NG7,  drops  to 
2.5%  at  4.3%  bumoff.  stay  about  constant  up  to  22%  bumoff 
and  rises  again  to  17%  in  the  34%  bumoff  sample.  The 
decrease  in  oxygen  content  may  be  correlated  with  the  pref¬ 
erential  bumoff  of  small  particles  and  disordered  area,  as  the 
oxygen  is  chemically  bonded  only  to  edge  sites  ( such  as 
zigzag  and  armchair  planes)  and  not  to  the  basal  plane.  It  is 
in  agreement  with  the  rise  in  the  basal  to  zigzag  and  armchair 
area  ratio  found  for  oxidized  HOPG  samples  [9] .  The  rise  in 
oxy  gen  content  with  further  burning  may  be  associated  with 
atomic  scale  roughness,  not  seen  by  SEM.  Fig.  4  compares 
the  C(  Is)  peak  of  the  pristine  with  that  of  1 1%  and  34% 
bumoff  samples.  The  0(  Is)  peaks  of  the  same  surfaces  are 
presented  in  Fig.  5.  The  shape  of  the  34%  bumoff  carbon 
peak  at  the  high  energy  side  demonstrates  the  presence  of 
highly  oxidized  components  in  a  double-bond-oxygen  and 
acid  configurations.  At  low  percentage  of  bumoff,  the  oxygen 
peak  better  represents  the  chemical  changes  than  the  carbon 
peak.  For  1 1  %  bumoff  the  oxygen  peak  maximum  is  shifted 
from  the  pristine  (531  eV)  to  higher  energies  (533.35  eV), 
as  in  the  case  of  the  34%  bumoff.  when  the  peak  maximum 
is  observed  at  an  energy  of  533.75  eV.  This  tendency  of 
oxygen  peaks  shift  to  higher  energies  can  be  the  evidence  of 
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Fig.  3.  XPS  measurements:  effect  of  burnoff  on  surface  oxygen  content 


Fig  4.  XPS  measurements:  effect  of  burnoff  on  the  C(  Is)  spectra  { normal¬ 
ized  spectra ) . 


the  acid-bonding  character  [14]  induced  by  the  mild  oxida¬ 
tion  process. 

The  same  conclusions,  concerning  the  appearance  of  the 
acid  groups  with  burning,  can  be  drawn  from  comparison  of 
the  C(  Is)  peaks  for  the  pristine  and  34%  burnt  sample  after 
curve  fitting  procedure  (Figs.  6  and  7,  respectively).  Fitting 
parameters  and  peak  assignments  are  presented  in  Table  1. 
Peak  shifts  are  referred  to  peak  No.  3,  the  main  peak,  which 
is  assigned  to  aromatic  carbons  not  bonded  to  oxygen  or 
hydrogen  (C-C  bond).  This  peak  is  found  to  be  at  284. 1  eV 


Fig.  5  XPS  measurements:  effect  of  burnoff  on  the  Of  Is)  spectra  (nor¬ 
malized  spectra ) 


Fig.  6.  XPS  measurements:  fitting  results  for  the  C(  Is)  spectra,  pristine 
sample 


Fig  7.  XPS  measurements:  fitting  results  for  the  C(  Is)  spectra.  34%  burnoff 
sample 
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Table  1 

Binding  energies  and  fitting  parameters  of  the  C(  Is)  curves  for  the  pristine  and  34%  burnt  samples 


Peak  No 

Sample 

Peak  position  (eV) 

Peak  shift  { eV ) 

FWHM  ( eV ) 

%  of  total  area 

Peak  assignment 

1 

Pristine 

281.48 

2.8 

1.5 

5.2 

Hydrocarbons 

34% 

281.5 

2.6 

1.6 

4.1 

2 

Pristine 

283.0 

1.3 

2.1 

15.4 

Hydrocarbons 

34% 

283.0 

1.1 

1.8 

7 

3 

Pristine 

284.3 

0 

0  68 

53 

Aromatic  carbon,  C-C 

34% 

284.1 

0 

0  63 

13.4 

4 

Pristine 

285.2 

0.9 

2.1 

195 

C-OH 

34% 

284.9 

08 

1  9 

26.6 

5 

Pristine 

286.9 

2.6 

2.1 

4.8 

O 

II 

U 

34% 

286.7 

2.6 

1.9 

33.1 

6 

Pristine 

34% 

288.2 

4.1 

1.9 

89 

0=C-OH 

7 

Pristine 

290.2 

59 

2.2 

2  1 

Shake-up  satellite 

34% 

290.1 

60 

2.2 

6.8 

Table  2 

Experimental  intensily  ratios  of  different  oxygen  groups  relative  to  carbon- 
carbon  bonding 


Sample 

C-C/C-OH 

c-c/c=o 

C-C/0=C-OH 

(/CGI 

(A:/s) 

<  A:4) 

Pristine 

1:0.4 

1:0.9 

1:0 

34% 

1  2 

1:25 

1 :0.7 

in  the  case  of  34%  bumoff  and  at  284.3  eV  for  the  pristine 
which  is  typical  for  graphite  [15,16].  It  is  obvious  from 
comparison  of  Figs.  6  and  7  that  peak  No.  6  is  present  on  the 
34%  burnt  surface  only.  This  peak  is  shifted  by  4. 1  eV  from 
the  C-C  peak  and  can  be  attributed  to  the  carboxylic  group 
connected  to  the  aromatic  carbon  (0=C-0H)  [17].  This 
result  suggests  that  surface  acid  groups  are  important  prod¬ 
ucts  of  the  mild  oxidation  process. 

The  shoulder  at  the  low  energy  side  of  the  main  carbon 
peak,  approximated  by  two  peaks  ( Nos.  1  and  2,  Figs.  6  and 
7),  can  be  caused  by  C-H  bonds  [18].  The  shifts  of  these 
peaks  from  the  main  peak  for  the  pristine  and  burnt  surface 
are  not  identical,  which  may  point  to  the  different  C-H  groups 
formed  by  oxidation.  Peak  No.  7  is  shifted  by  6  +  0. 1  eV  from 


the  C-C  peak  for  both  samples.  This  shift  is  due  to  the  77*  <—  tt 
shake-up  satellite  [  19] . 

Peak  No.  4  is  revealed  in  both  cases  with  a  shift  of  0.9  eV. 
It  is  characteristic  of  an  aromatic  carbon  singly  bonded 
to  oxygen  [20]  and  can  be  assigned  to  hydroxyl  groups 
( C-OH ) . 

Peak  No.  5  is  observed  on  the  pristine  and  the  34%  burnt 
sample  with  the  same  shift  of  2.6  eV.  This  shift  is  typical  of 
the  C— O  groups  [15].  Although  C-OH  and  C=0  groups  are 
present  on  both  the  pristine  and  mildly  oxidized  surfaces, 
their  intensity  ( area  under  the  peak )  increases  with  oxidation 
as  compared  with  the  C-C  groups  (Table  1 ).  Acid  groups 
are  induced  by  mild  oxidation  as  an  integral  feature  of  this 
process.  This  is  summarized  in  Table  2,  which  gives  the  ratios 
of  the  peak  areas  for  peaks  Nos.  4-6  ( /4,  /5  and  /6)  to  that  of 
No.  3  (7? ). 

In  summary,  oxidation  of  NG-7  results  in  a  decrease  in  the 
content  of  C-H  groups  (Table  1 ),  in  an  increase  in  the  con¬ 
tent  of  aromatic  C-OH  and  C=0  groups  and  in  the  formation 
of  acid  (COOH)  groups  (which  are  absent  in  the  pristine 
sample ) . 

Table  3  summarizes  the  effect  of  oxidation  on  QlR ,  QR  and 
the  degradation  rate.  The  reversible  capacity  of  NG7  meas- 


Table  3 

Effect  of  bumoff  on  performance 


%  burnoff  .rinLi,C6d  (9f(mAh/g)  Irreversible  capacity  ( mAh/g )  Degradation  rate  (%/ cycle) 


ClR  h 

ClRl  " 

50  jxA/cm2 

C/4 

P 

0.94 

350 

159 

199 

1.5 

1.3 

26 

0.89 

331 

151 

190 

1.5 

4.3 

1.05 

391 

138  J 

170 

05 

11 

1.05 

391 

141 

174 

0.3 

34 

0  92 

342 

126 

164 

1  8 

J  for  0  8-0  01  V  range,  50  piA/cnr 
b  (2ir,  irreversible  capacity  in  the  first  cycle. 
w  {9IRT,  irreversible  capacity  in  the  first  five  cycles. 
d  first  intercalation  at  C/4,  4  h  at  10  mV 
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ured  over  the  0.8-0.01  V  range  increases  from  350  mAh/g 
for  the  pristine  sample  to  390  mAh/g  for  4.3%  and  11% 
bumoff  samples  and  decreases  to  340  mAh/g  for  34%  bum- 
off  sample.  Increasing  the  cycling  voltage  range  from  0.8- 
0.01  to  2.0-0.00  V  resulted  in  an  increase  of  about  4%  to  the 
reversible  capacity.  Taking  into  account  this  correction  the 
capacity  of  4-1 1  %  bumoff  samples  would  be  405  mAh/g  or 
.v  —  1.1  in  LixC6.  The  irreversible  capacity,  measured  in  the 
first  cycle,  drops  monotonically  with  bumoff  time  from  159 
mAh/g  for  the  pristine  NG7  to  126  mAh/g  for  a  34%  bumoff 
sample.  It  was  further  decreased  to  92  mAh/g  for  a  SB-free 
pristine  sample.  The  lowest  QlR  was  measured  at  high  current 
density  first  charge  and  was  54  mAh/g  for  the  11%  burnoff 
sample  free  of  SB  [12].  It  is  interesting  to  note  that  the 
increase  in  QR  for  4.3%  and  1 1%  burnoff  samples  is  associ¬ 
ated  with  the  formation  of  only  1  %  void  volume  ( Fig.  2 )  and 
further  increase  in  void  volume  (by  oxidation)  results  in  a 
decrease  in  QR  ( Table  3 ).  This  may  indicate  that  only  very 
small  voids  (on  an  atomic  scale)  can  accommodate  the  extra 
reversible  lithium  capacity.  The  fact  that  on  further  burning, 
graphite  density  decreases  to  1.9  g/cm3  while  no  more  lith¬ 
ium  is  inserted,  can  be  explained  by  lithium  accommodation 
which  is  one  or  at  most  a  few  layers,  on  the  inner  walls  of 
these  voids,  with  no  bulk  lithium  aggregate  being  formed. 

The  decrease  in  QlR  with  partial  oxidation  is  in  agreement 
with  the  SEM  observation  and  adsorption  tests  indicating  a 
decrease  in  surface  area  of  the  modified  NG7.  The  Faradaic 
efficiency  in  the  first  few  (five)  cycles  is  lower  than  100%. 
It  is  somewhat  higher  for  the  modified  NG7  samples  than  for 
pristine  samples  [  12] .  The  degradation  rate  at  50  jjiA/cm2  is 
an  average  for  the  first  five  cycles,  and  the  value  for  the  C/4 
rate  is  an  average  of  the  consecutive  50  cycles  (Table  3). 
The  slowest  degradation  rate  was  measured  for  1 1  %  burnt 
sample.  SB-free  electrodes  were  found  to  degrade  five  times 
faster  than  electrodes  containing  5%  SB.  There  are  some 
indications  that  particle  disconnection  is  responsible  at  least 
for  part  of  the  anode  degradation. 

The  (002)  and  (004)  NG7  powder  XRD  peaks  became 
narrower  on  cycling  (Table  4)  as  was  previously  found  for 
synthetic  graphite  [21,22].  This  indicates  an  increase  in  L( 

( i.e,  more  ordered  structure  of  the  graphite) .  This  is  in  agree¬ 
ment  with  d q! dr  results  ( Fig.  8  and  Ref.  [22] )  where  revers¬ 
ibility  is  improved  during  the  cycling  process.  After  two  days 
of  rest  after  cycling  the  width  of  both  ( 002 )  and  ( 004)  peaks 
rose  close  to  their  original  values  (Table  4),  indicating  an 
decrease  in  Lc  value. 


Table  4 

Effect  of  cycling  of  1 1  c/c  burnoff  sample  on  the  FWHM  ( full-width  at  half 
maximum)  of  the  002  and  004  Bragg  peaks 


l  004 )  Peak  ( ° ) 

(002)  Peak  (°) 

Before  cycling 

0. 1 29 

0.162 

After  cycling 

0.099 

0.131 

Two  days  after  cycling 

0.123 

0  143 

Fig.  8.  Effect  of  cycling  on  dq/di  plot,  1  lc/r  burnoff  sample. 


4.  Conclusions 

The  improvement  of  the  performance  is  attributed  to  the 
formation  of  SEI  chemically  bonded  to  the  surface  carboxylic 
groups  at  the  zigzag  and  armchair  faces,  to  the  decrease  in 
surface  area  and  to  the  accommodation  of  extra  lithium  at  the 
zigzag,  armchair  and  other  edge  sites  and  atomic  scale  voids. 
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